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SUMMARY 
The objectives of this thesis are: 
1. To compare and analyze some existing theoretical publications on 
heat transfer in nozzles and diffusers. 
2. To provide numerical results in the form of graphs for engineering 
application. 
3. To set quantitative limitations for the analytical solutions as a 
result of these numerical computations. 
4. To compare the nozzle flow analysis with experimental results in 
order to test the validity of the assumptions made in the analysis. 
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CHAPTER I 
INTRODUCTION 
When a fluid flows through a conduit of different temperature from 
itself, a heat exchange occurs between them. In studying the heat transfer 
of the fluid in the conduit we can obtain information about the rate of 
heat absorption and losses, the te..�perature distributions, etc. This 
information is important in design work and to aid in the correct selection 
of construction and insulation materials .  Sometimes the conduit o r  a sec­
tion of the conduit is conical, as for example the �iffuser in hydro-turbo 
machines and air compressors, the nozzles of steam or gas turbines, and 
various heating or exhaust ducts. Usually in these conical sections, the 
temperatures are more critical and the cooling and insulation problem is · 
much more difficult , but, unlike the case of straight pipes or tubes, the 
hea� transfer problem in thes e kind of s ections has been s tudied les s 
extensively. 
For the case of pipe flow various analytical and experimental methods 
exist [1] to find the rate of heat transfer. For entrance region heat 
transfer in nozzle flow, analytical solutions are scarce because of the 
difficulty in solving the governing equation. 
In 1962, Cobble [2] published his work of heat transfer of flow in a 
cone, based on the assumptions that the angle of the cone is small, the 
fluid properties are constant , the surf ace temperature is uniform at Tw ' 
the flow is laminar, and heat transfer is due to conduction alone; also a 
slug velocity profile is assumed. 
2 
In 1969, Lumsdaine [3] solved the problem under the same assumptions 
except that the cone is no longer limited to small angles. 
The present study aims to analyze both works, make comparisons by 
computer calculation and check the results wi.th specially designed 
experiments. 
3 
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A. Nomenclature 
A 
� 
As 
At 
C1,C2,···•cn 
cP 
hav 
hr,h<P ,h6, • • •  
k 
m 
m 
n1,n2, • • •  ,nm 
N u  
q 
R 
r 
ro 
rl'r2 
s 
T 
t 
Te 
Tav2 
CHAPTER II 
ANALYSIS 
Constant, ftmction of and 
Cons tant,_ coefficient of eigenfunctions 
Surface area 
C ross s ection area 
Constants, coefficients of ftmctions 
Constant pressure thermal capacity 
Average film coe fficient 
Scale factors 
Conductivity 
Mass flow rate of the fluid 
An integer 
Va riables 
Nusselt number 
Quantity o f  heat 
Ftmction of r 
Radial coordinate of the pipe 
Pipe inside radius 
Slant heights of the cone 
Control volume s urface a rea 
Temperature 
Time 
Fluid temperature at the inlet of the conduit 
Average outlet temperature of the fluid 
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/ 
e 
e 
p 
'rw 
u 
u 
v 
v 
Vo 
vr,vx,v ,v 
x 
x 
Xo 
y 
z 
a 
a a • •  • a 
1, 2, n 
0 
5 
Wall tempe rature 
Function of temperature· 
Unit vector 
Volume of the fluid 
Velocity 
Constant velocity 
Velocity components of the fluid 
Ftmction of x 
Variable 
Pipe length 
Variable 
Variable 
Dif fusi vi ty 
Eigenvalues 
Constant ( = A/a ) 
Functions 
Functi on of e 
Cone half angle 
Eigen vari ables 
Density of the fluid 
Azimuth angle of the cone 
Graetz number 
Radius ratio of the cone 
I 
B. Analysis 
To derive the governing equation we take a small control volume V of 
the fluid flowing through a conduit; we have then the following relation 
from the energy balance equation: 
( 
Rate of energy ) storage in V 
ie. 
Rate of heat entering V 
( through its bounding surface ) 
I JI pep �tr (t, i=) dV •I J-q·(t,r) Uds •I J J-div q d v 
v 
pC !LT• div q p Dt 
s 
By Fourier's law q = -kVT, therefore 
pC DT • V • kVT p Dt-
v 
As sume X is constant throughout the range of temperature variation; thus we 
have 
DT 
c: _L v2 T = a v2 T 
Dt pC p 
and from the conti.nuity equation 
E..Q. + V • (p V) a 0 at 
For incompressible flow p = constant and 
(1) 
(2) 
6 
; 
If the conduit is a circular cylinder (see Figure 1) and the inside 
diameter is not very large, we let 
1. T -= T (r,x) 
2. vr s: v6 • o 
a2T ()2T 
3. -- << --
ax2 ar2 
4. V D V x 0 
Then from the energy equation (1), we obtain 
with boundary conditions 
1. T (r , x) • T 
0 w 
aT 2. ar (O, x) s:: 0 
3. T (r, O )  s:: T e 
When making the substitutions 
U(r,x) = T(r , x) - T w 
v 
B • _p_ Q 
we get 
B au • a 2tJ + !. au at ar2 r ar 
the new boundary conditions are 
au (O, x) 
s: O 1. ar 
2. U (r , x )  ""' 0 
0 
3. U (r O) • T -T s: f ( r) ' e w 
7 
(3) 
(4) 
(5) 
(6) 
. .  
' 
\ 
' 
' 
' 
I 
' 
' 
8 
. • 
r 
Figure 1. 
·; 
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By separation of variables [letting U(r, x) • R(r) X(x)] we have 
X' R" 1 R' 2 a - • - +- - .. -A. X R r R 
A.2 
X' +BX = 0 
r R"-+ R' + rA.2R = 0 
for which the solutions are ).2x 
x • cl e 
- -e-
and 
thus 
A. 2x 
U (r, x) = e
-T [c4 J0 (Ar) + c5 Y0 (h)] 
Applying the new boundary conditions [eqs.(6)], we get 
! • 0 5 
Also 
U(r , x ) -= 0 = 0 
).2 x 
c - a J (Ar ) 4e o o 
A.2x 
Since c4 and e
- -a-- are not equal to zero 
J ().r ) = 0 0 0 
). • A. m c: 1, 2, m 
Therefore A2x m QO -
-8 U (r, x) = ! c e 
m=l m 
3, 
Jo (Amr )  
�.2x 
= -e- -S- c5A.Y1(0) 
.1 
9 
(7) 
(8) 
(9) 
; 
Now we w ant to verify if the function is orthogonal. Let 
z; (r) .. J O. r). Since it is the solution of R we can write n o n 
z;m 
z;n 
[r r;; " + l'; ' n n 
[r r;; " + l'; ' m m 
+ ).2 r z;n] n 
+ A2 r r; ] m m 
Subtracting we have 
- 0 
a: 0 
(') .. 2 - A 2 ) r r r • rr r; " + r; l'; ' - r r; l'; " r; r; ' n m "'n "'m "'n m n m � m n - m n 
• � [r r; z; ' - r r; r; '] dr n m m n 
r 0 r (A2 _ ,_2) I r z; z; dr = [r z; z; ' - r z; z; '] 0 nm mn n m 
Since 
therefore, 
r 
0 
if 
mn 
r;n(ro) 
r; '(O) n 
n+m 
a: r; (r ) m o .. 0 
c z; '(0) .. 0 m 
r 
[r z; z; ' - r z; r; ' ] 0 I 0 nm r z;mz;n dr .. A2 - ,_ 2 m n o = 0 
0 n m 
if n -= m we use l' Hospital' s Rule 
0 
r {,J- [r z; r; ' - r z; z; ']} 0 dA nm m n o 
r; r;; dr = _....:n�---=----=2:-- ----m n _a_ [>.2 _ >. ] dA n m n 
az; "\ ' r n z; �]} o [r r ' - r .,m a>. - m 3). n n o 
• -----=::27A _____ _ n 
let n � m ). -+ A n m 
0 
10 
r 
r 2 1 az;m r z;m dr = ZA. [r ax--m m z;m 
ar,: � r m ] o - r z;m ax--
m 0 0 
.. _.!__ [r 2A. 0 
m 
2 
az; (r ) m o 
a A 
m 
z; ' 
m 
ro 2 a - J ().. r ) f: O  2 1 mo 
This proves the orthogonality. 
(r ) ]  0 
From the third boundary condition of eqs. (6) 
00 
U(r,O) = T -T = f(r) = l C J (A. r) e w m=l m o m 
Also for orthogonal functions 
rf(r) z; (r) dr 
m J
r0 
C • __;.o�������-
m Jro r z;2 (r) dr m 0 
Since from the original equation 
r z;" + z; ' +'-2r z; • 0 m m m 
we get 
or 
0 
r 
z; = - ,!__ [r z; ' ]  o 
m A2 m 0 
m 
• - __! [r z; ' (r ) ] 
A.2 o m o 
m 
r 
- o2 
[-A. Jl(A. r )] 
A 
m m o. 
- m 
11 
(10) 
therefore 
(T -T ) e w r l; (r)dr m 
(0 
C = ____ o ____ _ m Jro r 2 l:;m (r)dr -o 
2(T -T ) e w • i\ r Jl (A. r ) mo m o  
From eq. (9) 
).
.2
x 
oo m 
U(r, x) -= l c e
-
-a- J (). r) 
m=l m o m 
thus we have 
U(r, x) = 2(T -T ) e w 
and 
CX> 
l 
m=l 
00 
>.2x m 
J (>. r) 
o m 
T(r,x) = T + 2(T -T ) w e w 
e
-T 
l (, r J1 (' r )) J m=l Am o Am o 0 
2 a x  m a r 
O. r) m 
• T + 2(T -T ) 
CX> - -a
-
l (e ) J 
m=l a Jl (a ) 
o 
m m 
(�) r 
0 
where 
w . e w 
a .,. ). r m m o  
1 2 
(11) 
In dimension less form the solution can be expressed as 
A2x m 
T-T co e
- B w 2 l O. r) -- = (A r J (A r )) J (12) T -T m=l 0 m e w m o  1 m o  
2 a x  m 
co e- -e- a r 
.. 2 l <a J (a )) J (__!!!__) 0 r m=l m 1 m 0 
To find the corresponding equation for the Nusselt number, we use the 
energy balance equation: 
(Rate of heat conducted) to the fluid (
Rate of heat carried) away from the wall 
T +T 
m C (T -T 2] = h A ( 
e 
2
av 2 - T 1 
p e av av s w-' 
where 
2 
., r 2 0 
• T 
w 
{T + 2 (T -T ) w e w l 
0 
4(T -T ) 
+ e w 2 r 0 
00 
l 
m=l 
m=l 
).2 - c...!! x > 8 0 
(A
e
r J1(A r )) m o  m o  
27�253 
r 
J° r J (A r) 0 m 
0 
' (13) 
(A r)} dr m 
dr. 
13 
4(T -T ) co 
•T + e w t w 2 l r0 m•l 
co 
A2 - (� x )  
e B o 
(A r J O. r )) m o  1 m o  
A2 m 
.-: T + 4 (T - T ) w e w 1 
- -B XO l """22 e 
m=l r A 
n m  
A • 2nr x , therefore s 0 0 
h av 
IS 
m c [T -T ] E e av2 
T +T av2 21Tr x 0 0 [ 
e 
2 
- rJ 
CIO 
m c {1-4 l p m=l 
co 
1Tr x {1+4 l 0 0 mcl 
A2 m 
--x 1 B o} """22 e 
r A. o m  
A.2 
m 
1 
- a XO} 22e r A. o m  
r 
[A
o J l (A r ) ] m m o  
Now we introduce the nondimensionalized terins. Nusselt number N and u 
Graetz number �' as 
h r 
N =� u k 
and since 
v B -=  -2 a 
k a • --
pc p 
m c 
� c ---2. 1Tkx 0 
14 
l 
and the heat balance relation can be written in dimensionless form as 
� {1-4 
2 a m 
{1+4 I Le-�} 
m=l a2 
m 
(14) 
If the conduit is a cone instead of a hollow cylinder (see Figure 2) , and 
if similar assumptions exist , i. e. 
1. 
2. 
3. 
T = T (r, S)  
v = v only r 
A m 4 .  v c: 2 = 2 r r 2�p(l-cos6 )r 0 
(15) 
15 
16 
'· 
0 2. Figur-
We can derive the energy equation in spherical coordina tes as 
�Tt + vr aT + J_ ()T + _ _J_ ()T = � {l._ (r2()T ) + silne �e (sinfiaaT0) + _1_ a
2
T }  a ()r r ae rsin6 ae r2 ar ar 0 sin2e a<P2 
A a T a
2T aT ca - 2r) ar - {-2 + cote ae} ae 
If the cone half angle 8 is small we can further· assume 
sin e � e 
cos a � 1 
2 4 2 1 _ ci L + L · · · · · · · · · > � L 1 - cos e • - 2: 4: 2: 
1 eot a = a 
and the solution subject to the boundary conditions 
1. T(r.O) • finite 
2. T(r,e ) • T 0 w 
is given by Cobble as 
T(r.8)-T w 
T -T e w 
lo� > 2 oo 
1 [a-2r ] 2 m J ( X 6) 2 l X 6 J (A a ) 6-2r1 o m m•l m o 1 m o 
a 
��)2 00 
1 [B-2r 
] 2 e 0 
• 2 l a J (a ) 6-2r1 m=l m 1 m 
a a 
J (�) o e 0 
. (17) 
17 
; 
If the Nusselt number and Graetz number are introduced on the heat 
balance relation based on an average exit temperature T 2, the expressions av 
are given as 
J00 T(r2,e) sin6 d6 
T c __;;;.o ________ _ av2 Je 0° sin0 d8 
= :2 J60e T (r2,e) d6 0 0 
a 
co 1 a·-2r 2 f<em) 2 • T +4 (Te-TJ l 2 [f3-2r ] o w 111=1 a 1 
• 
1 am 2 GO -(--) 
· t {1-4 ! .L [�-Z'Y] 2 60 } 
m•l a2 �-Z 
N • ------=m�-----u a 2 
where 
A B•­a 
GO .!(.J!) {1+4 l \ c::;'i"1 2 60 } 
m=l a 
m 
Lumsdaine has solved the problem under the same For general angles, 
assumptions [eqs. (15)] and boundary conditions [eqs. (17)]. 
18 
The procedures are summarized a s  follows : 
Energy Equ ation: A aT a
2
T aT (- - 2r) - -= - + cote -a ar ae2 ae 
Let U(r,e) • T (r,0) - T 
w 
A au a2u au the equation becomes (- - 2r) - = - + cote -a ar ae2 . �e 
the boundary conditions (17) become 
1. au(r 2 O) - 0 ae 
2. U(r,e ) -= 0 0 
3. U (r1,
8) • T -T e w 
By separation of v ariables, let U • R (r) 0 (6). Then 
(6-2r) � • e" + cote G' = -A 2 R e e A2 
R (r). -= c1 (6-2r)
� 
0" +cot 0 "  + A20 = o 
(17a) 
2 . 
Let z • cos 0, A = n(n+l) ;  this  will transform.the above into a Legendre ' s  
differential equation: 
2 d20 d0 (1-z ) - - 2z -
- + n(n+1)0 -= 0 
dz2 
dz 
It has the solution 
therefore n(n+l) 
2 U (r,6) = (6-2r) 
From bounda ry condition 1 of [eqs. (17a)] 
19 
,; 
But � (1) turns infinite, therefore 
cs • 0 
and 
n(n+l) 
U • C (S-2r) 2 P (cos8) n 
From boundary condition 2 of (17a) 
n (n+l) 
U (r, a  ) = C(S-2r) 2 P (cose ) • o o n o 
Therefore 
P (cose ) = O n o 
and 
en 
n (n +1) m m 
U (r1, e) = T -T = f = I C CB-2r ) 2 P (cos8) � O e w 1 m 1 n 
Since P , P , nl n 2 
m= m 
00 
l A. P (cos8) = 0 m=l m nm 
are solutions of the Sturm-Liouville equat'ion: 
2 a2e d0 (1-z ) - - 2z d" + n (n+l) e c:: 0 dz2 � 
thence they are an orthogonal set. We have 
Jzo f P (z) dz 
1 nm A • --------m p 2 
n m 
(z) dz 
20 
where 
z cos6 0 0 
Jz (z
2
-1) o P 2 dz.., o _LP 1 nm 2n +1 dn n m m m 
'l'heref ore 
A -= (T -T ) 2n+l __ l __ m e w n(n+l) .,_£ p {z ) dn D 0 
(z ) _;!_ P o dz n o m 
(z ) 0 
00 
u(r,e) = (T -T ) l 2n+l 1 [6- 2r ] e w m=l n(n+l) dnd P (cose ) S- 2r1 n o 
n(n+l) 
2 
00 
ti(n+l) 
2 
P (cos9) n 
T(r,e) - r 
w 
T -T e w 
l 2n+l 1 [ - 2r.] 
m=l n(n+l) dn
d P (cose ) - 2rl 
P (cos9 ) 
n n o 
For the heat rate balance relation, we introduce N and t as 
u 
m. c 
t s: p 7Tkr1(1-cos80 ) 
21 
an d we have 
n(n+l) 
m 
(l+cose ) (2n+l) 8-2r 2 
T • T + (T -T ) � --__;..0--- [--2] av2 w e w m: l n2(n+l)2 8-2r1 
m n(n+l) P' (cos8 ). -
{ 
. � (t-2_ 
'l\ 2 n
d 
o ·} l-(l+cos8
0
) l � 2 , m=l - - P ( cose ) dn n o H • � -----------:--�_,;;;,,;�.�-__;-
u m n(n+l) 
{ � (�-2�) 2 Pn' 
(cos8
0
) } '1.i+(l +cose ) l 
0 m=l �-2 d -d P (cose ) n n o 
P' (cose ) n o 
d - P (cose ) dn n o 
22 
C. Compari son of Re sults 
By using the computer technique the solutions of all three cases have 
been computed and the results have been plotted and put into graphical 
forms . 
In Figures 3 to 6 we have the comparison between the solutions of pipe 
flow and that of the small-angled cone, in which
· 
we assume that x0 of the 
pipe equals (r2-r1) cos
8
0 of the cone . 
Both Nu are defined as 
2 2 2 h (r2-r1)/260r1k, both � are defined as mCp/�kr160• From a study of the 
curves of both solutions an interesting relationship. was observed, that 
is, the Nusselt numbers of the pipe solution always differ from the cone 
solution by a factor of (r2 + r1) I 2r1cos00: 
r2 +rl N -= N  x-.;;.....;.....;;:;.... u(pipe) u (cone) 2r1cos90 
wher� r1, r2, 60 are dimensions of the cone used in the comparison. 
In Figures 7 to 13 we compare Cobble's solution with Lumsdaine's 
solution for several different angles. It appears that for small angles 
these two solutions tend to be identical. This provides numerical 
evidence of the validity of Lumsdaine's solution. For larger angles, 
a comparison of Lumsdaine's solution with experimental results was made. 
23  
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EXPERIMENTS 
A. APPARATUS 
In order to compare the analytical results with practical configurations 
and to prove their validity, a cone and the fellowing experimental equipment 
have been built and set up. 
a. Cone 
Dimensions and construction are shown in Figure 14. The cone is 
built with double walls which allows steam to �low in between. There 
are two holes - one is 1.15 inches, the other is 2.29 inches from 
the frontedge of the cone - which have been drilled and lined with 
5/16-inch copper tubing. They are used as supplemental measuring . 
points. The steam inlets are two 1/4-inch holes on the rear end plate. 
The steam outlet is a 3/8-inch hole on the bottom of the cone. 
b. Wind pipe and fan 
They are shown in Figure 15. The fan i s  driven by a two-horsepower 
A. C. motor. 
c. Steam supply equipment 
This is also shown in Figure 15. The steam is drawn from a 100 psi 
steam main of South Dakota State University. Before entering the cone, 
the steam passes a drain cock , a strainer, a stop valve and a regulator. 
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B. M easuring Ins trurnents 
A pitot tube ranging from 500ft/min to 12,000ft/min is  used to measure 
the inlet air velocities. 
A Unit ed Sensor and Control Corp. TD-12-cc-36F thermocouple i s  used to 
measure the total. temperature of the air in the cone. 
An ordi.nary copper-constantan thermocouple is used to measure the 
surf ace temperature of the wall of the cone. 
A potentiometer is used in coupling with the probe to get the tempera­
ture readings. 
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C. Experimental P rocedures 
·a. Pre! im:inary Ins true tions: 
(l} Align the cone with the wind pipe outlet with heat resisting 
rubber gaskets placed between them. 
(2} Fasten the cone to the wind pipe with 4 clamps. Place rubber 
pads between the clamp feet and �langes. 
(3} Hook up the steam inlet tubes and outlet tube to the cone. 
(4) Drain off the steam line and warm up the cone by adjusting 
the regulator and letting the steam flow in gradually. 
(5) Set up and adjust the pitot tube. 
(6} Set up and adjust the potentiometer. 
(7) Record the room te�perature, pressure and humidity for 
reference. 
b. Experimental Procedure: 
(1} Adjust the regulator to maintain the steam in the cone at a 
certain constant pressure. 
(2} Turn on the fan motor and let air blow through the cone. 
Adjust the air flow rate by adjusting the opening to the 
inlet of the fan. 
(3) Insert the pitot tube into the wind pipe through a hole near 
the flanges, measure and record the air velocities of each 
0.125 inch increment from the wall to the center of the air 
pipe. This will give the mass flow rate and the inlet 
velocity profile of the air. 
(4) Hook the ordinary thermocouple probe onto the potentiometer 
and measure the temperature on different points of the 
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inner surf ace of the cone. If the temperature is uniform 
then take down the reading and proceed with the experiment. 
If the temperature difference between any two points is 
conspicuous, the steam pressure should be increased. 
(5) Replace the ordinary probe with the one for total temperature 
measurement. Insert the probe into the cone through one of 
the measuring holes and leave the
.
other hole plugged. Orient 
the probe with the open side against the direction of air flow. 
(6) Adjust the inserted depth of the probe until the thermocouple 
element just emerges from the inner wall of the cone. Mark 
the position on the probe stem and from then on lower the probe 
every 1/8-inch for a temperature measurement until it passes 
the center of the cone and touches the wall on the opposite 
side. Take down the readings at each position. 
(7) Repeat the procedure for the other measuring hole. 
(8) Use the same technique to measure the temperature field at the 
exit end of the cone 
(9) By varying the air flow rate and repeating the procedure f�om 
steps (3) to (8) different temperature fields under different 
air flow rates are obtained. 
(10) All readings in millivolts are transformed into degrees Fahren-
heit by use of a transform table. 
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D. Calculation Techniques ·and .Comparison of Results 
a. Calculation 
(1) To calculate the mass flow rate of the air: 
First, the curve of velocity versus distance from the axis 
of the pipe is plotted, as shown in Figure 16. 
The horizontal coordinate r is'qivided into m equal parts. 
The coordinates of the subdivisions are marked r1, r2, •••,rm. 
The points r1*, r2*, · · ·, rm* are on the r-coordinate and are 
center points of �ach subinterval. The distance from the curve 
to r1*, r2*, •• ·, rm* are v1, v2, •• • ,· vm respectively. 
From the rectangular formula of integration and 
iii • JvpdA we have 
The unit of m is lbm/hr. 
(2) To obtain the temperature field: 
As 6hown in Figure 17 the angle 0 of a temperature reading 
can be obtained from the formula 
Where d is the distance between each measurement taken and m is 
the order of measurPlllent taken. 
Thus a curve of temperature versus angle 8 can be drawn for 
the radius ratio at which the measurement was taken (see F
igure 
18). 
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(3) To obtain the average temperature of each section: 
Again, the technique of integration by rectangular rule is 
used. From 
T • 
av 
PC vrTdAt• �t 
pC v dAt 
At 
P r 
and from Figure 19 we have 
y - rcose tane 0 
The average temperature at the section of radius ratio R can 
therefore be easily obtained. 
The horizontal coordinate from 0 to e of the temperature field 0 
curve is divided into m equal parts by points el, 02, • •• ' e • m 
The middle of each subinterval 61*, 
8
2*, •••, 6m* and perpend!-
cular distance T1, T2, 
are determined. Thus 
T between the curve and the 8 *'s m m 
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T av 
Trr2cos2e o [ 29 T ( 28 28) • • •  ( 28 28 ) ] � -2--- 2�- tan 1 1 + tan 2-tan 1 T2+ + tan 0-tan m-l Tm 1Tr sin e 0 
(4) To find the Nusselt numbers with respect to the Graetz number: 
From the heat balance equation 
T +T 2 2 [ e av2 ] m C [T T ] - h sin 8 [ r2-r1] 2 - Tw p e- av2 o 
and 
m c 
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the following expression for N is obtained : u 
t [ T  --T 2] N s: e av 
u [T +T 2-iT ] e av w 
By choosing the correct values of p ,  C and k the value of 
p 
� for different m can be calculat�d . lVhen the values of T , e ·  
T and T 
2 
are substituted for each different m the curve of w av 
N versus � is obtained. u 
b • . Results and Comparison 
In this experiment, data from three different sections 
(R • . 833, R = . 667 , R = . 5) on the twenty-degree angled nozzle 
under different mas s flow rates have been obtained, calcula ted 
and plotted together with the theoretical results (see Figure 
20 and Figure 21) . A reasonably good agreement with the 
theoretical results is shown. 
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CHAPTER I,V 
DISCUSSION AND CONCLUSION 
A. Theoretical Analysis 
The solutions for all three cases - pipe flow, small angled cone and 
any angled cone - have the following assumptions : 
a .  k is constant. 
b .  There is no velocity component in any direction other than the axis. 
c .  The temperature field for any cross section is axisymmetric .  
d .  The flow is assumed slug. 
Now consider these separately in more detail: 
a .  For an actual case, k of air is not constant. It increases gradually 
with the increase of temperature. But, the slope is moderate and 
rather constant (about 0. 01 increase with every 420° F increase 
.
in 
temperature) . Thus, if the difference between the entrance tempera­
ture and the wall temperature is not tremendous, the choice of an 
average k for the entire analysis seems to be reasonable. 
b and c These assumptions are also reasonabie if the diameter of the 
conduit is not too large to cause turbulent flow. 
d .  In most cases, a fully developed velocity profile rather than a 
slug profile is encountered. But, for either case only conduction 
heat transfer occurs. 
In comparing Cobble's solution with Lumsdaine's solution we found 
it almost coincides for small angles. It starts to divert when 9 is 
getting larger and when the mass flow rate is increased (see Figure 7 to 
Figure 13) .  For a 7 . 5 degree angled cone with a radius ratio equal to 
two the difference between the two solutions is about 5% at a Graetz 
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number equal to 100, 000. For larger cone angles (diffuser or nozzle) the 
differences become increasingly large . 
In comparing Cobble ' s  solution for different angles with that of pipe 
flow we found that they both gave the same numerical results in Nusselt-
Graet z number curves if identical bases were used and the Nusselt number 
r1 + r2 
of Cobble ' s  solution was multiplied2by a m
�ltiplier 2F 8 This is � 2 2 r cos 
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r1 o0 r2 -r1 1 o equal to the multiplication of and �� which are the transfering xo orlro 
factors of � and N between these two solutions. This implies that Cobble ' s  u 
solution and the pipe flow solution can be represented by the single 
equation 
00 -
t { 1-4 l + e 
m==l am N • 
u 
N 
u 
{ 1+4 
.J (a ) • o 0 Dl 
00 \ 1 t. -2- e 
mal a m 
2 x a o m 
�Rie� } 
2 x a o m 
��a� } 
� .. 
x 0 
m c E 
2 Trkr1e0 
• (r2-rl) cose 0 
Further, the solution can be simplified under certain conditions : 
(1) When the value of the mas s flow rate m and hence the Graetz number � 
are very small, one term for the eigenvalue is enough for the conver­
gence of the summation part and the solution of Nusselt cumber versus 
Graetz number becomes : 
(2) 
5 . 783 
a � 1 . 445 e � -1 
5 . 783 
1 . 445 e � +1 
Where ¢i1 = 
�R 82 1 0 
x and a1 
0 
2. 4048 
When � is very large, then we can expand th i e exponent al part into 
a series : 
- 5i 
e �l = 
a2 
1 - � + • • • • · • • • �
l 
and 
a2 
1- -!!. 2 OI) �
l 00 � -ex 1-4 l 7 1-4 l _l.__E_ m=l m=l 4>1 exm N =t � m 41 u 2 00 � -0.2 00 1-am/4>1 1+4 l -2- 1+4 l --4-m=l ex m=l �l exm m 
where the first few eigenvalues will lead to rapid convergence'. 
B .  E eperiment 
In this experiment a 20-degree cone in a nozzle has been adapted in 
order to check the analytical solution of Lumsdaine. The wall tempera­
ture of the cone was maintained fairly constant at around 197°F and the 
0 
temperature difference between any two points was within 1 F during the 
whole duration of the experiment. The beat transfer to the air pipe 
due to conduction was limited by insulation and the temperature rise at 
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�· 
0 the end of the pipe was about 5 F towards the end of the experiment . 
More experiments need to be conducted for different angles and 
radius ratios in order to establ ish the l imitation of the theoretical 
results. For example, experiments with diffusers should be conducted. 
A comparison between the results from slug profiles and that from 
fully developed profiles is also ..needed . The experiment of a slug 
profile can be partly achieved by building proper strainers and honey-
combs ahead of the cone entrance . 
For practical appl ication, simple empirica� equations can be 
derived and more graphs and tables can be constructed from the theore­
tical and further experimental work. 
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